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Abstract 

Transcription factor-based reprogramming can lead to the successful switching of cell fates. We have recently 
reported that mouse embryonic fibroblasts (MEFs) can be directly reprogrammed into induced neural stem cells 
(iNSCs) after the forced expression of Brn4, Sox2, Klf4, and Myc. Here, we tested whether iNSCs could be further 
reprogrammed into induced pluripotent stem cells (iPSCs). The two factors Oct4 and Klf4 were sufficient to induce 
pluripotency in iNSCs. Immunocytochemistry and gene expression analysis showed that iNSC-derived iPSCs 
(iNdiPSCs) are similar to embryonic stem cells at the molecular level. In addition, iNdiPSCs could differentiate into 
cells of all three germ layers, both in vitro and in vivo, proving that iNdiPSCs are bona fide pluripotent cells. 
Furthermore, analysis of the global gene expression profile showed that iNdiPSCs, in contrast to iNSCs, do not retain 
any MEF transcriptional memory even at early passages after reprogramming. Overall, our results demonstrate that 
iNSCs can be reprogrammed to pluripotency and suggest that cell fate can be redirected numerous times. 
Importantly, our findings indicate that the induced pluripotent cell state may erase the donor-cell type epigenetic 
memory more efficiently than other induced somatic cell fates. 
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Introduction 

Mouse embryonic fibroblasts (MEFs) can be reprogrammed 
into induced pluripotent stem cells (iPSCs) following the 
overexpression of the four transcription factors Oct4, Sox2, 
Klf4, and Myc [1]. The same combination of transcription 
factors under different culture conditions was used to convert 
MEFs into induced epiblast stem cells (iEpiSCs) [2]. 
Furthermore, neural stem cells (NSCs), which exhibit high 
levels of endogenous Sox2 expression, have been 
reprogrammed into iPSCs by using only Oct4 and Klf4 [3]. In 
addition to reprogramming to pluripotency, different 
combinations of transcription factors have been shown to 
directly switch somatic cell fates in the absence of an 
intermediate pluripotent cell state. Indeed, fibroblasts have 
been directly converted into different types of post-mitotic 
somatic cells such as neurons and cardiomyocytes [4,5]. In 
addition, we have recently reported the direct reprogramming 
of MEFs into induced neural stem cells (iNSCs) that can self- 



renew [6]. Interestingly, reprogramming of induced somatic 
cells into iPSCs has yet to be described. 

At early time points after reprogramming, iPSCs maintain a 
donor-cell type epigenetic memory that can potentially bias 
their differentiation potential toward the cell lineage of origin 
[7-9]. Furthermore, contradictory results have been reported on 
whether it is possible to erase this iPSC somatic memory with 
further passaging [7,10]. Remarkably, the epigenetic memory 
retained in somatic cell types generated through direct 
reprogramming has not been studied extensively. In our 
previous report, we showed that two fibroblast marker genes 
were expressed in iNSCs at early, but not at late, passages 
after conversion [6]. However, the impact of the remaining MEF 
transcriptional signature on iNSC functionality was not 
evaluated. In fact, an analysis comparing the residual donor 
epigenetic memory of the same cell types generated by either 
direct reprogramming or iPSC differentiation has never been 
performed. 
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In the current study, we first converted MEFs into iNSCs and 
then reprogrammed these iNSCs into iPSCs (iNdiPSCs), 
demonstrating that somatic cell types generated by a direct 
reprogramming approach can be further reprogrammed to 
pluripotency. In contrast to iNSCs, iNdiPSCs did not exhibit any 
residual MEF transcriptional memory at early passages, 
suggesting that the pluripotent cell state can reset the somatic 
transcriptional network more efficiently than the induced 
somatic stem cell state. 

Results 

iNSC-derived iPSCs (iNdiPSCs) Exhibit Pluripotency In 
Vitro and In Vivo 

We have recently reported the direct conversion of MEFs 
into iNSCs by using four transcription factors [6]. As brain- 
derived NSCs can be readily reprogrammed into iPSCs by 
using the two factors Oct4 and Klf4 [3], we sought to assess 
whether iNSCs could be further reprogrammed into iPSCs. To 
this end, iNSCs were transduced with replication-defective 
retroviral particles coding for only Oct4 and Klf4 (Figure 1A). 
We observed the first iPSC colonies 13 days after transduction 
and termed them iNSC-derived iPSCs (iNdiPSCs). Two 
independent experiments were performed and the overall 
reprogramming efficiency was found to range from 0.05% to 
0.088% (Table S1). As expected, no iNdiPSC colonies were 
detected in the non-transduced control wells. Two independent 
clones (iNdiPSC-1 and -2) were picked, expanded (Figure 1B), 
and further characterized. iNdiPSC-1 and -2 stained positive for 
the pluripotency markers alkaline phosphatase (Figure 1C), 
NANOG, and SSEA-1 (Figure 1D). Furthermore, the 
expression levels of several pluripotency markers (Oct4, 
Nanog, Rex1, Fgf4, Sox2, Klf4, and Myc) in both iNdiPSC 
clones were similar to the levels observed in two independent 
control ESC lines (Figure 1E). In contrast to the starting iNSC 
population, the Oct4 promoter was fully demethylated in the 
iNdiPSC clones (Figure 1F). As silencing of retroviral vectors is 
a hallmark of pluripotent stem cells [1], we examined transgene 
expression in both iNdiPSC clones and found the retroviral 
transgenes coding for Klf4 and Ocf4 to be effectively silenced 
(Figure 1G). Moreover, we confirmed that the transgenes Sox2, 
Brn4 and Myc, which were used for iNSC induction, were 
silenced in the iNSC population and were not reactivated upon 
iNdiPSC formation (Figure 1G). In addition, the iNdiPSCs 
exhibited a normal karyotype of 40 chromosomes (Figure 1 H). 
Microarray analysis was then performed to compare the 
iNdiPSCs global gene expression profile in several pluripotent 
cell lines such as ESCs, MEF 4F iPSCs (MEF-derived iPSCs 
by using Oct4, Sox2, Klf4, and Myc), and NSC 2F iPSCs (NSC- 
derived iPSCs by using Ocf4 and Klf4) (Figure 1A). iNdiPSCs 
displayed a transcriptomic profile that clustered with the 
pluripotent cell lines, but not the parental iNSCs, as shown in 
the heat map, hierarchical unsupervised clustering, and 
principal component analysis (Figure 2A-C). Scatter plot 
pairwise comparisons of iNdiPSCs with ESCs, MEFs, or iNSCs 
provided further confirmation that iNdiPSCs were successfully 
reprogrammed to pluripotency. Indeed, iNdiPSCs differ greatly 
from iNSCs and the starting MEF population, but are very 



similar to control ESCs (Figure 2D-F). To demonstrate the loss 
of epigenetic marks in the reprogrammed iNdiPSCs, we 
analyzed the methylation status of the second intron of Nestin, 
which has been shown to be completely unmethylated in NSCs 
and iNSCs [11]. The second intron of Nestin was methylated in 
iNdiPSCs to levels similar to those of control iPSCs and MEFs 
(Figure 3A). The methylation status correlated with Nestin gene 
expression as assessed by microarray analysis (Figure 3B) 
and confirmed by qRT-PCR (Figure 3C). Finally, we 
investigated whether iNdiPSCs could differentiate in vitro and 
in vivo into derivatives of all three germ layers. The iNdiPSC in 
vitro differentiation potential was tested by using embryoid 
body formation. Immunocytochemistry revealed that both 
iNdiPSC clones could differentiate into ectoderm (B3- 
TUBULIN), endoderm (SOX17), and mesoderm (a-SMA) 
(Figure 4A). To assess their differentiation potential in vivo, 
iNdiPSCs were subcutaneously injected into SCID mice. After 
4 weeks, teratomas containing tissues representative of all 
three germ layers had formed (Figure 4B). Taken together, 
cellular, molecular, and differentiation analyses proved that 
iNdiPSCs are bona fide pluripotent cells. 

iNdiPSCs do not Display MEF or iNSC Transcriptional 
Memory 

In our previous study, we showed that iNSCs exhibited 
residual MEF transcriptional memory at early stages after 
reprogramming [6]. To confirm this finding, we screened the 
global gene expression data, shown in Figure 2, for genes 
expressed in MEFs and iNSCs, but not in NSCs or ESCs. The 
filter criteria are thoroughly explained in the Methods section. 
Indeed, early-passage iNSCs expressed 61 MEF-specific 
genes (Figure S1), from which the expression of six genes 
(Hoxc9, Hoxc6, Adcy2, Cryab, Pdzrn3, and AnxaS) was 
confirmed by qRT-PCR (Figure S2). Consequently, we 
investigated whether early-passage iNdiPSCs still maintain the 
MEF transcriptional memory that we detected in the iNSC 
population. Therefore, we screened for genes expressed in 
MEFs and iNdiPSCs, but not in NSCs or ESCs. Only the gene 
Hebp2 fulfilled the filter criteria and its expression was 
confirmed by qRT-PCR (Figure 5A and B). This gene, however, 
was not expressed in the iNSC intermediate cell type, 
suggesting that Hebp2 was nonspecifically upregulated during 
iPSC derivation. Consequently, we concluded that iNdiPSCs 
do not exhibit any MEF-transcriptional memory and that the 
MEF memory retained in early-passage iNSCs is lost when the 
cells are further reprogrammed into a pluripotent cell type. In 
addition, we assessed whether early-passage iNdiPSCs retain 
the iNSC memory of the iNSC intermediate. Hence, we sorted 
for genes expressed in iNSCs and iNdiPSCs, but not in MEFs 
or ESCs. Only three potential genes were found, namely Tpmt, 
Acsl6, and Atp1b2 (Figure 5A). However, qRT-PCR analysis 
did not confirm the expression pattern of Tpmt in iNdiPSCs 
(Figure 5B). In addition, the expression levels of Atp1b2 were 
comparable in all pluripotent cell lines, excluding a NSC- 
specific memory (Figure 5B). Moreover, residual Acsl6 
expression was detected not only in iNdiPSCs, but also in MEF 
4F iPSCs (Figure 5B). As MEFs do not express Acsl6, we 
speculated that expression of Acsl6 might be a nonspecific 
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Figure 1. Generation and characterization of iNdiPSCs. (A) Scheme of the experimental approach. MEFs can be directly 
converted into iNSCs after the forced expression of Brn4 (B), Sox2 (S), Klf4 (K), and Myc (M). The overexpression of Oct4 (O) and 
Klf4 leads to the reprogramming of iNSCs and brain-derived NSCs into iNdiPSCs and NSC 2F iPSCs, respectively. Finally, MEFs 
can be reprogrammed into iPSCs using Oct4, Sox2, Klf4, and Myc. (B) Phase-contrast images of iNSCs and iNdiPSCs. Scale bars, 
200 urn. (C) Alkaline phosphatase staining of iNdiPSC clones 1 and 2. Scale bars, 200 urn. (D) Immunofluorescence microscopy 
images of iNdiPSC-1 and -2 using antibodies directed against NANOG and SSEA-1. Scale bars, 150 urn. (E) Expression levels of 
pluripotency genes measured by qRT-PCR. Data were normalized to Rpl37a and plotted relative to control ESCs #2. Error bars 
indicate standard deviation of triplicate values. (F) Methylation analysis of the Oct4 promoter in iNdiPSC-1 and -2 and iNSCs by 
bisulfite sequencing PCR. Open and filled circles represent unmethylated and methylated CpGs, respectively. (G) Silencing of 
exogenous transgenes shown by qRT-PCR. Data were normalized to Rpl37a and plotted relative to iNSCs three days post-infection 
(3 dpi). (H) Chromosome spread of iNdiPSC-1 and -2 showing a stable karyotype of 40 chromosomes. Red dots indicate counted 
chromosomes. 

doi: 10.1371/journal.pone.0085138.g001 



PLOS ONE | www.plosone.org 



3 



December 2013 | Volume 8 | Issue 12 | e85138 



Reprogramming iNSCs to iPSCs 



Figure 2 
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Figure 2. iNdiPSCs exhibit a pluripotent global gene expression profile. (A) Heat map of microarray data showing similar 
gene expression patterns of iNdiPSC-1 and -2 (both passage 10) compared with ESCs, NSC 2F iPSCs (passage 7, 2F: Oct4 and 
Klf4), and MEF 4F iPSCs (passage 7, 4F: Oct4, Sox2, Klf4, and Myc). MEFs, NSCs, and iNSCs serve as controls. Color bar at the 
top indicates gene expression in log 2 scale. Red and blue colors represent high and low expression levels, respectively. (B) 
Hierarchical clustering and (C) principal component analysis (PCA) of the different cell types depicted in (A). (D) - (F) Pairwise 
scatter plots comparing the gene expression profile of iNdiPSCs-1 and -2 with MEFs (D), iNSCs (E), and ESCs (F). Specifically 
highlighted are the pluripotency marker genes Oct4, Sox2, Lin28, and Klf4. Black lines indicate boundaries of 2-fold difference in 
gene expression levels. Scattering density is indicated in the bar on the right: the higher the density, the darker the color. Gene 
expression levels are depicted in log 2 scale. The number of differentially expressed genes (No of diff.) is listed below each plot. 

doi: 10.1371/joumal.pone.0085138.g002 
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Figure 3. Promoter and transcription analysis of Nestin in 
iNdiPSCs vs. iNSCs. 

(A) Methylation analysis of the second intron of Nestin in 
MEFs, iNSCs, iNdiPSC-1 and -2, and control iPSCs. Open and 
filled circles represent unmethylated and methylated CpGs, 
respectively. X represents an undetermined CpG. The 
percentage of the methylation is depicted beneath each 
sample. (B) Heat map of Nestin expression according to 
microarray data. Color bar at the top indicates gene expression 
in log 2 scale. Red and blue colors represent high and low 
expression levels, respectively. (C) Expression levels of Nestin 
measured by qRT-PCR. Data were plotted relative to NSCs. 
Error bars indicate standard error of two different housekeeping 
genes (Gapdh and Actb). 

doi: 10.1371/joumal.pone.0085138.g003 
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Figure 4. iNdiPSCs can differentiate into cells of all three 
germ layers in vitro and in vivo. (A) Immunofluorescence 
microscopy images of iNdiPSC-1 and -2-differentiated 
embryoid bodies using antibodies directed against TUBB3/(33- 
TUBULIN (ectoderm), SOX17 (endoderm), and ACTA2 (a- 
SMA) (mesoderm). Scale bars, 150 urn. (B) Teratoma analysis 
of iNdiPSC-1 and -2 showing tissues of all three germ layers: 
ectoderm (neural rosette and keratinocytes), endoderm (gut- 
like endothelium), and mesoderm (muscle and cartilage). 

doi: 10.1371/journal. pone. 00851 38.g004 
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effect of the pluripotency induction process rather than a 
residual NSC-specific transcriptional signature. Thus, we 
concluded that iNdiPSCs do not exhibit any MEF or iNSC 
transcriptional memory. As a control, we assessed the residual 
expression of MEF- and NSC-specific genes in MEF 4F iPSCs 
and NSC 2F iPSC, respectively. As shown in Figure 5C, MEF 
4F iPSCs express 23 MEF-specific genes, and the expression 
of four of these genes (Ly6a, Crctl, Ly6c1, and Cxcll) was 
validated by qRT-PCR (Figure 5D). In the case of NSC 2F 
iPSCs, no genes fulfilled the filter criteria for NSC 
transcriptional memory. Thus, our results suggest that early- 
passage iNSCs retain a stronger cell-of-origin transcriptional 
memory than early-passage iPSC lines. 

iNdiPSCs do not Present any Bias in their 
Differentiation Potential 

Even in the absence of a detectable transcriptional memory, 
iPSCs can retain donor-cell type epigenetic marks that 
predispose for differentiation toward the cell lineage of origin 
[8,10]. Therefore, we investigated whether iNdiPSCs exhibit a 
differentiation potential bias. iNdiPSCs, MEF 4F iPSCs, NSC 
2F iPSCs, and ESCs were differentiated in vitro by using 
embryoid body formation, a method that promotes stochastic 
differentiation into all germ layers. Three independent 
experiments were conducted to analyze statistically significant 
variations. At two weeks of differentiation, the expression of 
endoderm (Sox17), mesoderm (T and Bmp4), neuro-ectoderm 
(Sox1, Otx2, and Pax6), germline (Dppa3), neural (Tubb3 and 
Mpa2), and osteogenic (Runx2, Sp7, Bglap, and ibsp) marker 
genes was analyzed by qRT-PCR (Figure 6A-F). 
Undifferentiated iNdiPSCs that do not express the selected 
lineage-specific marker genes were used as a negative control. 
Of note, Dppa3 and Otx2 are also present in pluripotent cells 
[12,13] and could, therefore, be detected in undifferentiated 
iNdiPSCs. In comparison with ESCs, iNdiPSCs did not show a 
significant increase in any of the studied genes, thus excluding 
a preferential differentiation bias into any specific cell lineage. 
As an exception, Runx2 expression levels were significantly 
higher in iNdiPSC clone 2, but not in clone 1. However, 
iNdiPSC clone 2 did not present a predisposition toward the 
osteogenic lineage since the other osteogenic markers were 
not upregulated. Furthermore, MEF 4F iPSCs, NSC 2F iPSCs, 
and iNdiPSC clone 2 exhibited a significant decrease in the 
expression levels of several neuro-ectodermal, neural and 
germline markers (Figure 6C, E and D). In contrast, the 
differentiation profile of iNdiPSC clone 1 resembled control 
ESCs, demonstrating that iNdiPSCs are not intrinsically 
impaired in the differentiation toward the neural lineage. Finally, 
no significant differences between either iNdiPSC clone and 
MEF 4F iPSCs or NSC 2F iPSCs could be determined in all 
analyzed marker genes. Therefore, the differentiation potential 
of iNdiPSCs is similar to that of control iPSCs derived from 
MEFs and NSCs. In summary, reprogramming to pluripotency 
resets the MEF, NSC, and iNSC transcriptional program to an 
equivalent state and eliminates any bias in the differentiation 
potential. 



Discussion 

Primed pluripotent iEpiSCs, which are converted directly 
from MEFs, have been further reprogrammed into naive 
pluripotent iPSCs after the forced expression of Klf4 [2]. 
However, the ability of induced somatic cells to be 
subsequently reprogrammed into the pluripotent cell state has 
not been previously tested. Our study shows that fibroblast- 
derived iNSCs can be further reprogrammed to pluripotency 
using two transcription factors, as described for brain-derived 
NSCs [3]. Therefore, our results demonstrate that several cell 
fates can be consecutively induced from the same initial cell 
type. 

Several studies have reported that iPSCs retain the 
transcriptional and epigenetic memory of the cell of origin and 
that this residual memory can influence their differentiation 
potential [10]. Our analysis indicates that iPSCs derived from 
MEFs, NSCs, and iNSCs do not exhibit the transcriptional 
signature of the initial cell type. Interestingly, some MEF- 
specific genes such as Crtd in MEF 4F iPSCs or Hoxc9, 
Adcy2, Pdzrn3, and Hoxc6 in iNSCs were expressed at higher 
levels in MEF 4F iPSCs and iNSCs compared with the initial 
MEF population. This gene expression pattern does not 
correlate with transcriptional memory, for which gene 
expression levels should be similar or lower than those of the 
starting cell type. Rather, we propose that this upregulation in 
expression levels might be a nonspecific effect of the 
reprogramming process. 

Somatic cell memory has been reported to be transient and 
to be attenuated with further passaging in mouse iPSCs [7]. 
However, these observations remain controversial, as another 
report detected residual donor-cell type memory in human 
iPSCs even at late passages [10]. It is intriguing that all the 
studies reporting a permanent memory of the cell of origin have 
been conducted in human iPSCs [8,10,14,15]. Thus, the 
discrepancy between these studies could be due to the 
different naive and primed pluripotent cell stages exhibited by 
mouse and human iPSCs, respectively [16]. We speculate that 
naive pluripotent cells might erase the residual donor cell 
memory more efficiently than primed pluripotent cells, 
suggesting that the ability to reset the epigenome might 
correlate with developmental potential. More studies are 
required to support this hypothesis, which indirectly suggests 
that somatic cells generated through a direct reprogramming 
approach might retain a higher level of epigenetic memory than 
iPSCs. In fact, our data show that the MEF transcriptional 
signature detected in iNSCs is completely eliminated upon 
iNdiPSC generation, supporting the hypothesis that 
reprogramming to pluripotency erases the donor-cell type 
transcriptional memory more efficiently than reprogramming to 
a somatic cell state. 

Reprogramming to pluripotency requires several rounds of 
cell division, which are essential for acquiring the pluripotent 
cell state and resetting the epigenome [17]. In contrast, direct 
reprogramming into somatic cells does not involve many cell 
divisions after viral transduction [18,19]. Furthermore, somatic 
cells generated via direct reprogramming do not progress 
through the normal developmental intermediates [5,19]. These 



PLOS ONE | www.plosone.org 



6 



December 2013 | Volume 8 | Issue 12 | e85138 



Reprogramming iNSCs to iPSCs 



Figure 5 
A 



10 11 12 13 14 15 



iNdiPSC - MEF memory 



Hebp2 



% % \ \ 



iNdiPSC - NSC memory 



Tpmt 


4.92 


6.10 


8.37 


8.71 


8.66 


5.12 


5.25 


5.74 


Acsl6 




7.37 


6.98 


6.87 


6.62 


4.92 


4.70 


3.73 


Atp1b2 




1049 


9.82 


659 


6.29 


4.80 


4.26 


4.53 



^ Jo "CT r "cy, % o r 
1 ~r_ 



~% X % \ 



B 



Heftp2 




Tpmt 




o 0.5 



Atp1b2 




10 11 12 13 14 15 



MEF 4F iPSC - MEF memory 



LySa 
Crctl 
Mgst3 
Ly6c1 
Cxcll 
Crabp2 
Aldh1a3 
Cdsn 
Ptpre 
Tcfap2a 
Ugt1a10 
Meox2 
UgtlaBa 
S100a7a 
Enppl 
Enppl 
Cdsn 




7.36 








7.84 




7.33 


3.86 9.50 


6.51 




8.17 





5 

o 



1.5 



0.5 



1.5 



0.5 



Ly6a 



Ly6c1 



i 

s 



5 

o 



Crctl 



Cxcll 



1.5 



o 0.5 



Figure 5. iNdiPSCs do not retain a donor-cell type transcriptional memory. (A) Heat map of potential memory genes in 
iNdiPSCs. The filter criteria are listed in the Methods section. Color bar at the top indicates gene expression in log 2 scale. Red and 
blue colors represent high and low expression levels, respectively. (B) Gene expression of potential NSC or MEF memory genes in 
iNdiPSCs was verified by qRT-PCR. Data were plotted relative to NSCs or MEFs in the case of NSC or MEF memory, respectively. 
Error bars indicate standard error of two different housekeeping genes (Gapdh and Actb). (C) Heat map of potential MEF memory 
genes in MEF 4F iPSCs. The filter criteria are listed in the Methods section. Color bar at the top indicates gene expression in log 2 
scale. Red and blue colors represent high and low expression levels, respectively. (D) Gene expression of selected potential MEF 
memory genes in MEF 4F iPSCs was verified by qRT-PCR. Data were plotted relative to MEFs. Error bars indicate standard error of 
two different housekeeping genes (Gapdh and Actb). 

doi: 10.1371/joumal.pone.0085138.g005 
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Figure 6 
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Figure 6. iNdiPSCs do not show a differentiation bias. Differentiated embryoid bodies of iNdiPSC-1 and -2, MEF 4F iPSCs 
(MEF iPSC), NSC 2F iPSCs (NSC iPSC) and control ESCs (ESC) were analyzed for the expression of (A) endoderm, (B) 
mesoderm, (C) (neuro) ectoderm-, (D) germline, (E) neural, and (F) osteogenic markers. The data of three independent experiments 
(Exp 1, Exp 2, and Exp 3) were plotted relative to ESCs. Additionally undifferentiated iNdiPSCs (undiff. iNdiPSC-1 and -2) are 
depicted as a control. Error bars indicate standard error of triplicate values. All data were normalized to Rpl37a. Statistical 
significance was determined by performing Student's f-test and indicated with asterisks *p < .01, **p s .001, ***p < .0001. 

doi: 10.1371/joumal.pone.0085138.g006 
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mechanistic differences prompt questioning of whether somatic 
cells differentiated from iPSCs are completely equivalent to 
their counterparts generated by using a direct reprogramming 
approach. We have reported the direct reprogramming of 
fibroblasts into iNSCs that exhibit a gene expression profile 
similar to brain- and iPSC-derived NSCs [6,20]. iNSCs could 
differentiate into neurons, astrocytes and oligodendrocytes in 
vitro and in vivo, like NSCs established directly from brain or 
differentiated from iPSCs, [6,20]. Furthermore, iNSCs do not 
induce tumorigenesis in long-term transplantation assays 
(Figure S3), as it has also been described for brain- and iPSC- 
derived NSCs [20,21]. In spite of their similarities, global 
epigenetic analysis comparing the epigenomes of the NSCs 
generated by each of the different methods has yet to be 
performed. As shown for iPSCs, the memory of the cell of 
origin is more strongly retained at the epigenetic (e.g. 
methylation patterns) than at the transcriptional level [7,9]. 
Therefore, epigenetic studies are required to compare directly 
converted somatic cells and their counterparts differentiated 
from iPSCs or the corresponding primary cells isolated from in 
vivo tissues. These studies will help to assess whether different 
reprogramming strategies generate equivalent cell types, which 
can be equally applied for therapeutic treatment. 

In summary, we have shown for the first time that an induced 
somatic cell type, namely iNSCs, can be further reprogrammed 
to pluripotency. The resultant iNdiPSCs proved to be bona fide 
iPSCs. Our results indicate that iNdiPSCs do not maintain the 
iNSC/NSC transcriptional memory. Furthermore, the residual 
MEF transcriptional memory, still present in the iNSC 
population, is lost during the final reprogramming step. In 
addition, iNdiPSCs do not show a differentiation bias toward 
either the mesenchymal or neural cell lineage. Therefore, we 
conclude that reprogramming to pluripotency erases the 
transcriptional memory of the donor-cell type in a more efficient 
manner than conversion to a somatic cell state. Further 
investigations are required to evaluate residual memories from 
somatic cells generated by direct conversion or by iPSC- 
differentiation and to assess the impact on future clinical 
applications. 

Methods 

Cell Culture Conditions 

iNSCs (passage 22) were generated and cultured as 
previously reported [6]. In addition, MEF 4F iPSCs (passage 7), 
iNdiPSCs (passage 10), and NSC 2F iPSCs (passage 7) were 
cultured on feeder cells in 2i medium as described [2]. 4F 
corresponds to Ocf4, Sox2, Klf4, and Myc; 2F corresponds to 
Oct4 and Klf4. 

Replication-Defective Retroviral Production and 
Transduction 

pMX retroviral plasmids coding for mouse Oct4 (Addgene # 
13366) [1] and Klf4 (Addgene # 13370) [1] were cotransfected 
with the pCL-ECO packaging plasmid (Addgene # 12371) into 
293T cells using Fugene (Roche). Of note, 293T cells were 
cultured in iNSC medium during the transfection process. 
Supernatants were collected after 48 h and filtered using 0.45- 



um filters (Millipore). iNSCs were plated on gelatin-coated 6- 
well plates (10 5 cells/well) one day prior to transduction. 500 ul 
of each retroviral supernatant plus 6 ug/ml protamine sulfate 
(Sigma) were used for infection in a final volume of 2.5 ml of 
iNSC medium. 48 h after transduction, the supernatant 
containing the viral particles was removed and the transduced 
cells were further cultured in 2i medium. 

Alkaline phosphatase staining 

Cells were washed with phosphate buffered saline (PBS), 
fixed for 5 min in 4% paraformaldehyde (PFA) at room 
temperature, washed twice with PBS, and stained with the 
SIGMA FAST Fast Red TR/Napthol AS-MX kit (Sigma) for 20 
min in the dark at RT. 

Immunocytochemistry 

Cells were fixed for 5 min in 4% PFA, washed twice in PBS, 
and permeabilized with 0.1% Triton X-100 for 10 min. After 
washing twice with PBS, cells were blocked with 5% bovine 
serum albumin (BSA) (GIBCO) for 1 h while shaking and 
incubated for 1 h with the primary antibodies diluted in 1% 
BSA. The cells were then washed twice and incubated for 1 h 
with the corresponding secondary antibody diluted in 1% BSA. 
Finally, cells were washed three times and stained with DAPI. 
All steps were carried out at RT. The antibodies used and their 
corresponding dilutions are listed in Table S2. 

RNA extraction, cDNA synthesis, and quantitative real 
time PCR (qRT-PCR) 

RNA was extracted using the QIAGEN RNeasy Mini Kit 
(QIAGEN) and cDNA synthesis was performed using the High- 
Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). qRT-PCR was carried out using iTaq SYBR 
Green Supermix With ROX (Bio-Rad). The data was plotted 
using the delta delta Ct algorithm, 2<- AACt) [22]. Primers are listed 
in Table S2. 

Methylation analysis 

Methylation analysis was performed as described in our 
previous publication [6]. Primers are listed in Table S2. 

Chromosome spread 

Chromosome spreads were performed as reported 
previously [2]. 

In vitro differentiation 

Embryoid bodies were generated using the hanging-drop 
method (600-800 cells per 20 pi drop in MEF medium). Three 
days later, the embryoid bodies that had formed were 
transferred onto gelatin-coated dishes and cultured for 10-14 
days. Finally, the differentiated embryoid bodies were analyzed 
for the expression of cell lineage-specific markers by 
immunostaining or qRT-PCR. MEF medium was composed of 
DMEM, 20 % fetal bovine serum, 1X MEM non-essential amino 
acids, 1X L-Glutamine with Pen/Strep, and 0.1 mM B- 
mercaptoethanol (all GIBCO). 
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Teratoma formation 

1 x 10 6 iNdiPSCs were injected subcutaneously into SCID 
mice. Tumors were resected after 4 weeks, fixed in 4% PFA, 
and embedded in paraffin. Paraffin sections were mounted 
onto glass slides and stained with hematoxylin and eosin. This 
study was performed in accordance with the recommendations 
of the Federation of Laboratory Animal Science Associations 
(FELASA). The corresponding ethics protocol, covering the 
experiments of teratoma formation in mice, was approved by 
the Landesamt fur Natur, Umwelt und Verbraucherschutz 
(LANUV) of the state of North Rhine-Westphalia, Germany. 
Teratoma formation was approved by permit number 
87-51 -04-201 0-A387. In addition, 1 x 10 6 iNSCs were 
transplanted into the contused thoracic spinal cord of Sprague- 
Dawley rats 9 days after injury as previously described [23]. 
PBS and control NSCs were used as controls. Spinal cords 
were collected 12 weeks after transplantation, fixed and 
stained with hematoxylin and eosin to assess the presence of 
tumors. The Institutional Animal Care and Use Committee of 
Dankook University approved all animal care and surgical 
procedures (Approval No. DKU 12-020). Every effort was made 
to minimize suffering. 

Microarray analysis 

Microarray analysis was performed as described in our 
previous publication [24]. The data discussed in this publication 
have been deposited in NCBI's Gene Expression Omnibus and 
are accessible through GEO Series accession number 
GSE44284. Different filter criteria were used in the 
transcriptional memory analysis. NSC memory in iNdiPSCs: (i) 
at least 2-fold higher expression in iNdiPSCs compared with 
ESCs, (ii) at least 2-fold higher expression in iNdiPSCs 
compared with MEF 4F iPSCs, and (iii) at least 2-fold higher 
expression in iNSCs compared with MEFs or ESCs. MEF 
memory in iNdiPSCs: (i) at least 2-fold higher expression in 
iNdiPSCs compared with ESCs, (ii) at least 2-fold higher 
expression in iNdiPSCs compared with NSC 2F iPSCs, and (iii) 
at least 2-fold higher expression in MEFs compared with NSCs 
or ESCs. MEF memory in MEF 4F iPSCs: (i) at least 2-fold 
higher expression in MEF 4F iPSCs compared with ESCs, (ii) 
at least 2-fold higher expression in MEF 4F iPSCs compared 
with NSC 2F iPSCs, and (iii) at least 2-fold higher expression in 
MEFs compared with NSCs or ESCs. NSC memory in NSC 2F 
iPSCs: (i) at least 2-fold higher expression in NSC 2F iPSCS 
compared with ESCs, (ii) at least 2-fold higher expression in 
NSC 2F iPSCs compared with MEF 4F iPSCs, and (iii) at least 
2-fold higher expression in NSCs compared with MEFs or 

References 

1. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined factors. 
Cell 126: 663-676. doi:10.1016/j.cell.2006.07.024. PubMed: 16904174. 

2. Han DW, Greber B, Wu G, Tapia N, Arauzo-Bravo MJ et al. (2011) 
Direct reprogramming of fibroblasts into epiblast stem cells. Nat Cell 
Biol 13: 66-71. doi:10.1038/ncb2136. PubMed: 21131959. 

3. Kim JB, Zaehres H, Wu G, Gentile L, Ko K et al. (2008) Pluripotent 
stem cells induced from adult neural stem cells by reprogramming with 
two factors. Nature 454: 646-650. doi:10.1038/nature07061. PubMed: 
18594515. 



ESCs. MEF memory in iNSCs: (i) at least 2-fold higher 
expressed in iNSCs compared with NSCs, and (ii) at least 2- 
fold higher expressed in MEFs compared with NSCs or ESCs. 

Supporting Information 

Figure S1. Heat map of potential MEF memory genes in 
iNSCs. The filter criteria are listed in the Methods section. 
Color bar at the top indicates gene expression in log 2 scale. 
Red and blue colors represent high and low expression levels, 
respectively. 
(TIF) 

Figure S2. Gene expression levels of selected MEF 
memory genes were verified in iNSCs using qRT-PCR. 

Data were plotted relative to MEFs. Error bars indicate 
standard error of two different housekeeping genes (Gapdh 
and Actb). 
(TIF) 

Figure S3. Analysis of tumor formation in rat spinal cords 
after iNSCs (n=5), control NSCs (cNSCs, n=5) and PBS 
(vehicle, n=5) transplantation. Hematoxylin/eosin stained 
sagittal sections did not show any tumor formation 12 weeks 
after engraftment. 
(TIF) 

Table S1. iNdiPSC reprogramming efficiency. 

(PDF) 

Table S2. List of primers and antibodies used in this 
study. 

(PDF) 

Acknowledgements 

We would like to thank Martina Sinn and Barbel Schafer for 
technical assistance as well as Areti Malapetsas for final 
editing. 

Author Contributions 

Conceived and designed the experiments: AGM NT. Performed 
the experiments: AGM UT GW JKH NT. Analyzed the data: 
AGM UT HZ MJA HRS NT. Contributed reagents/materials/ 
analysis tools: DWH. Wrote the manuscript: AGM NT. 



4. Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Siidhof TC et al. 
(2010) Direct conversion of fibroblasts to functional neurons by defined 
factors. Nature 463: 1035-1041. doi:10.1038/nature08797. PubMed: 
20107439. 

5. leda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y et al. 
(2010) Direct reprogramming of fibroblasts into functional 
cardiomyocytes by defined factors. Cell 142: 375-386. doi:1 0.1016/ 
j.cell.201 0.07.002. PubMed: 20691899. 

6. Han DW, Tapia N, Hermann A, Hemmer K, Hoing S et al. (2012) Direct 
Reprogramming of Fibroblasts into Neural Stem Cells by Defined 
Factors. Cell Stem Cell, 10: 465-72. PubMed: 22445517. 



PLOS ONE | www.plosone.org 



10 



December 2013 | Volume 8 | Issue 12 | e85138 



Reprogramming iNSCs to iPSCs 



7. Polo JM, Liu S, Figueroa ME, Kulalert W, Eminli S et al. (2010) Cell 
type of origin influences the molecular and functional properties of 
mouse induced pluripotent stem cells. Nat Biotechnol 28: 848-855. doi: 
10.1038/nbt.1667. PubMed: 20644536. 

8. Bar-Nur O, Russ HA, Efrat S, Benvenisty N (2011) Epigenetic memory 
and preferential lineage-specific differentiation in induced pluripotent 
stem cells derived from human pancreatic islet beta cells. Cell Stem 
Cell 9: 17-23. doi:10.1016/j.stem.201 1 .06.007. PubMed: 21726830. 

9. Kim K, Doi A, Wen B, Ng K, Zhao R et al. (2010) Epigenetic memory in 
induced pluripotent stem cells. Nature 467: 285-290. doi:10.1038/ 
nature09342. PubMed: 20644535. 

10. Kim K, Zhao R, Doi A, Ng K, Unternaehrer J et al. (2011) Donor cell 
type can influence the epigenome and differentiation potential of human 
induced pluripotent stem cells. Nat Biotechnol 29: 1117-1119. doi: 
10.1038/nbt.2052. PubMed: 22119740. 

11. Han DW, Do JT, Arauzo-Bravo MJ, Lee SH, Meissner A et al. (2009) 
Epigenetic hierarchy governing Nestin expression. Stem Cells 27: 
1088-1097. doi:10.1002/stem.43. PubMed: 19415779. 

12. Bowles J, Teasdale RP, James K, Koopman P (2003) Dppa3 is a 
marker of pluripotency and has a human homologue that is expressed 
in germ cell tumours. Cytogenet Genome Res 101: 261-265. doi: 
10.1159/000074346. PubMed: 14684992. 

13. Acampora D, Di Giovannantonio LG, Simeone A (2013) Otx2 is an 
intrinsic determinant of the embryonic stem cell state and is required for 
transition to a stable epiblast stem cell condition. Development 140: 
43-55. doi:10.1242/dev.085290. PubMed: 23154415. 

14. Ghosh Z, Wilson KD, Wu Y, Hu S, Quertermous T et al. (2010) 
Persistent donor cell gene expression among human induced 
pluripotent stem cells contributes to differences with human embryonic 
stem cells. PLOS ONE 5: e8975. doi:10.1371/journal. pone. 0008975. 
PubMed: 20126639. 

15. Ohi Y, Qin H, Hong C, Blouin L, Polo JM et al. (2011) Incomplete DNA 
methylation underlies a transcriptional memory of somatic cells in 
human iPS cells. Nat Cell Biol 13: 541-549. doi:10.1038/ncb2239. 
PubMed: 21499256. 



16. Nichols J, Smith A (2009) Naive and primed pluripotent states. Cell 
Stem Cell 4: 487-492. doi:10.1016/j.stem.2009.05.015. PubMed: 
19497275. 

17. Hanna J, Saha K, Pando B, van Zon J, Lengner CJ et al. (2009) Direct 
cell reprogramming is a stochastic process amenable to acceleration. 
Nature 462: 595-601 . doi:10.1038/nature08592. PubMed: 19898493. 

18. Caiazzo M, Dell'Anno MT, Dvoretskova E, Lazarevic D, Taverna S et 
al. (2011) Direct generation of functional dopaminergic neurons from 
mouse and human fibroblasts. Nature 476: 224-227. doi:10.1038/ 
nature10284. PubMed: 21725324. 

19. Son EY, Ichida JK, Wainger BJ, Toma JS, Rafuse VF et al. (2011) 
Conversion of mouse and human fibroblasts into functional spinal 
motor neurons. Cell Stem Cell 9: 205-218. doi:10.1016/j.stem. 
2011.07.014. PubMed: 21852222. 

20. Tsuji O, Miura K, Okada Y, Fujiyoshi K, Mukaino M et al. (2010) 
Therapeutic potential of appropriately evaluated safe-induced 
pluripotent stem cells for spinal cord injury. Proc Natl Acad Sci U S A 
107: 12704-12709. doi:10.1073/pnas.0910106107. PubMed: 
20615974. 

21. Kumagai G, Okada Y, Yamane J, Nagoshi N, Kitamura K et al. (2009) 
Roles of ES cell-derived gliogenic neural stem/progenitor cells in 
functional recovery after spinal cord injury. PLOS ONE 4: e7706. doi: 
10.1371/journal.pone.0007706. PubMed: 19893739. 

22. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression 
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) 
Method. Methods 25: 402-408. doi:10.1006/meth.2001.1262. PubMed: 
11846609. 

23. Park WB, Kim SY, Lee SH, Kim HW, Park JS et al. (2010) The effect of 
mesenchymal stem cell transplantation on the recovery of bladder and 
hindlimb function after spinal cord contusion in rats. BMC Neurosci 1 1 : 
119. doi: 1 0. 1 1 86/1471-2202-1 1-119. PubMed: 20846445. 

24. Tapia N, Reinhardt P, Duemmler A, Wu G, Arauzo-Bravo MJ et al. 
(2012) Reprogramming to pluripotency is an ancient trait of vertebrate 
Oct4 and Pou2 proteins. Nat Commun 3: 1279. doi:10.1038/ 
ncomms2229. PubMed: 23232409. 



PLOS ONE | www.plosone.org 



11 



December 2013 | Volume 8 | Issue 12 | e85138 



